df/df ) are long-lived due to a loss of function mutation, resulting in deficiency of GH, TSH, and prolactin. Along with a marked extension of longevity, Ames dwarf mice have improved energy metabolism as measured by an increase in their oxygen consumption and heat production, as well as a decrease in their respiratory quotient. Along with alterations in energy metabolism, Ames dwarf mice have a lower core body temperature. Moreover, Ames dwarf mice have functionally altered epididymal white adipose tissue (WAT) that improves, rather than impairs, their insulin sensitivity due to a shift from pro-to anti-inflammatory cytokine secretion. Given the unique phenotype of Ames dwarf epididymal WAT, their improved energy metabolism, and lower core body temperature, we hypothesized that Ames dwarf brown adipose tissue (BAT) may function differently from that of their normal littermates. Here we use histology and RT-PCR to demonstrate that Ames dwarf mice have enhanced BAT function. We also use interscapular BAT removal to demonstrate that BAT is necessary for Ames dwarf energy metabolism and thermogenesis, whereas it is less important for their normal littermates. Furthermore, we show that Ames dwarf mice are able to compensate for loss of interscapular BAT by using their WAT depots as an energy source. These findings demonstrate enhanced BAT function in animals with GH and thyroid hormone deficiencies, chronic reduction of body temperature, and remarkably extended longevity. (Endocrinology 157: 4744 -4753, 2016)
O besity is a major risk factor for cardiovascular disease, cancer and type 2 diabetes mellitus, among other pathologies. Adding to the current burden on health care systems, it is projected that there will be 2 billion overweight and 1 billion obese individuals globally by 2030 (1) . Because weight gain occurs when energy intake exceeds energy expenditure, many have focused on decreasing energy intake as a means to combat obesity. The beneficial impact of exercise on body composition is another key element of antiobesity interventions, whereas increasing energy expenditure by other means has received far less emphasis. This was largely due to the belief that human adults only possessed white adipose tissue (WAT) and that brown adipose tissue (BAT) was essentially nonexistent in humans after infancy (2) . In 2009, paradigm shifting studies using 18 F-fluorodeoxyglucose as a radiotracer during concurrent positron emission tomography and computed tomography scanning identified metabolically active BAT in adult humans located primarily in the cervical-supraclavicular region (3) (4) (5) (6) .
BAT is the major thermogenic tissue in mammals. It is mainly composed of brown adipocytes that are character-ized by multilocular lipid droplets (7) . BAT also possesses an abundance of uncoupling protein 1 (UCP-1) and mitochondria, and is richly innervated by sympathetic nerves (8) . Innervation with sympathetic nerves is critical because thermogenesis is controlled by norepinephrine (NE) stimulation of ␤-adrenergic receptors (the ␤3 variant is most prevalent in rodents) (8) . UCP-1, as well as other proteins involved in thermogenesis, use free fatty acids (FFAs) as an energy source. The use of FFAs has made BAT an attractive tissue to combat obesity (2) .
Ames dwarf mice are characterized by a loss of function Prop1 mutation that results in the lack of differentiation of somatotrophs, thyrotrophs, and lactotrophs in the anterior pituitary (9) . Without these endocrine cell lineages, Ames dwarf mice are deficient in GH, TSH, and prolactin, with secondary effects including greatly reduced circulating levels of IGF-1 and thyroid hormone (TH) (9, 10) . These mutant mice have a marked extension of longevity: 40%-60% increase compared with their normal littermates (males and females, respectively) (11) . Whereas Ames dwarf mice are deficient in several metabolic hormones, studies in the long-lived GH receptor knockout (12) and GHRH knockout (GHRH-KO) (13) mice demonstrate that GH may be the key to the extended longevity of Ames dwarf mice. Some of the mechanisms believed to be responsible for the remarkable extension of longevity in Ames dwarf mice are improved insulin sensitivity and glucose tolerance (10), lower body temperature (14) , and improved energy metabolism as measured by decreased respiratory quotient (RQ) and increased oxygen consumption (VO 2 ) and heat production (15) .
Recently our laboratory demonstrated that Ames dwarf mice have functionally modified epididymal white adipose tissue (eWAT) that improves, rather than impairs, their insulin sensitivity (16) . This improvement is due to a shift from pro-to anti-inflammatory cytokine secretion. Moreover, we reported that eWAT transplanted from an Ames dwarf mouse fed a high-fat diet (HFD) improves insulin sensitivity in a normal mouse fed a HFD (17) . As expected, eWAT transplanted from a normal mouse fed a HFD impaired insulin sensitivity in a dwarf mouse fed a HFD. Together these studies demonstrated that adipose tissue in the absence of GH and TH signaling is beneficial.
Because Ames dwarf mice have altered WAT secretory function, energy metabolism, and body temperature, we hypothesized they may have functionally unique BAT. Here we show that Ames dwarf mice have phenotypically distinct BAT that has increased expression of genes involved in thermogenesis and lipid metabolism. We also show that removal of interscapular BAT (iBAT) elicits opposite physiological responses in dwarf and normal mice, in which the normal mice increase their adiposity and the dwarf mice decrease their adiposity. Together the findings in this study illustrate that BAT in the absence of GH and TH, along with lower body temperature, is functionally enhanced. This may provide useful insights toward the effort of activating BAT to combat the growing global obesity epidemic.
Materials and Methods

Animals
Male Ames dwarf (Prop1 df/df ) homozygous mice (df/df), and their normal littermates, were produced in our breeding colony at Southern Illinois University School of Medicine (SIUSOM) by mating heterozygous females and homozygous mutant males. The Prop1 df/df mutation is maintained on a heterogeneous genetic background. GHRH-KO mice, and their normal littermates, were produced in our breeding colony at SIUSOM by mating heterozygous females and heterozygous males on a mixed C57/BL6 and 129SV background. All mice were housed under standard conditions (20°C-23°C and a 12 h light, 12 h dark cycle), and allowed ad libitum access to water and food (LabDiet 5001, with 29% calories from protein, 13% calories from fat, and 56% calories from carbohydrates; Nestle Purina). All animal protocols for this study were approved by the SIUSOM Laboratory Animal Care and Use Committee.
iBAT removal surgery
At three months of age, male Ames dwarf mice, and their normal littermates, entered the study and were randomly assigned to undergo a sham or iBAT removal surgery. After anesthesia using a ketamine and xylazine mixture (the ketamine and xylazine mixture was prepared by mixing 220 L of xylazine and 650 L of ketamine in 9.13 mL of 0.9% saline and was injected 180 L per 10 g body weight), a 1-cm vertical incision was made between the scapulae exposing the iBAT depot. The total iBAT depot was removed by blunt dissection, without removing the surrounding sc white adipose tissue. Mice in the sham group had their iBAT mobilized but not removed (ie, iBAT was gently separated from the overlying connective tissue and neighboring WAT without disturbing its blood supply). All experiments began 4 weeks after surgery to ensure any residual inflammation has subsided as previously described (17) .
Glucose and insulin tolerance tests
Glucose and insulin tolerance tests were performed as previously described (18) . For the glucose tolerance test, mice were fasted overnight for 16 hours. Blood glucose was measured (time 0) by tail bleed using a glucometer (AgaMatrix). Glucose (Sigma) was injected ip at a dose of 2 g per kilogram of body weight. Glucose was prepared by mixing 10 g of glucose in 50 mL of 0.9% saline and was injected at 100 L per 10 g body weight. Sequential glucose measurements were taken at 15, 30, 45, 60, and 120 minutes. For the insulin tolerance test, blood glucose was measured (time 0) by tail bleed in nonfasted mice using a glucometer. Porcine insulin (Sigma) was injected ip at a dose of 1 IU per kilogram of body weight. Insulin was prepared by 
Indirect calorimetry and norepinephrine challenge
Indirect calorimetry was performed as previously described (15) using the PhysioScan metabolic system (AccuScan Instruments, Inc). This system uses zirconia and infrared sensors to monitor oxygen (O 2 ) and carbon dioxide (CO 2 ), respectively, inside respiratory chambers in which the mice are housed individually. All comparisons are based on animals studied simultaneously to minimize the effects of environmental and calibration variations; therefore, data from dwarf and normal mice are plotted separately to compare mice only tested simultaneously. After a 24-hour acclimation period, the mice were monitored in the metabolic chamber for 24 hours, with ad libitum access to food and water. Gas samples for each mouse were collected and analyzed every 10 minutes. Output parameters include spontaneous locomotor activity (centimeters), oxygen consumption (milliliters per kilogram per minute), respiratory quotient (CO 2 production/VO 2 ), and heat production (calories per hour per gram). For the NE challenge, mice were anesthetized using a ketamine and xylazine mixture as described above. Once anesthetized, the mice were injected ip with NE (Sigma) at a dose of 1 mg per kilogram of body weight (19) . NE was prepared by mixing 5 mg of NE in 50 mL of distilled H 2 O, and was injected at 100 L per 10 gram of body weight. VO 2 and heat production were measured for 25 minutes after the NE treatment.
Body composition measurements
Mice were anesthetized using a ketamine and xylazine mixture, as described above, before body composition measurements were taken. Body composition was measured by dualenergy x-ray absorptiometry (DEXA) scanning using the PIXImus small animal densitometer (Lunar), as previously described (18) . This system directs low-energy x-rays through a mouse to a radiation detector, which in turn digitally processes the radiation for analysis using the PIXI-mus software. Output parameters include percent lean mass.
Body temperature measurements
Body temperature measurements were performed using a thin, long-probe digital rectal thermometer (Nasco) at 9:00 AM.
Body temperature values measured in this study were similar to those previously reported at 9:00 AM using ip transmitters (14) and sc transmitters (18) , validating our method of body temperature measurement.
Histology
Fixation, sectioning, and hematoxylin and eosin (H&E) staining was performed as previously described (7). In short, sc, epididymal, perirenal, and iBAT were placed in paraformaldehyde, embedded in paraffin, and sectioned at 3 m before being stained with H&E. The sections were examined using light microscopy at ϫ40 magnification. All the images were captured using an IX70 microscope (Olympus) and CellSens software (Olympus).
Reverse transcriptionpolymerase chain reaction
Quantitative RT-PCR was performed using the StepOne system (Applied Biosystems) and SYBR Green master mix (Applied Biosystems). Tissue was homogenized, and RNA was extracted using an RNeasy lipid tissue mini kit (QIAGEN) following the manufacturer's instructions. RNA was reverse transcribed to yield cDNA using an iScript cDNA synthesis kit (Bio-Rad Laboratories). Amplification was performed over 40 cycles of denaturation (95°C for 15 sec), annealing (60°C for 30 sec), and elongation (72°C for 30 sec). The mRNA-specific primers (Integrated DNA Technologies) used in this study are listed in Supplemental Table 1 . There was no change in Actin expression between mutants (dwarf or Figure 1 . Gene expression and morphology of BAT are altered in Ames dwarf mice. A, iBAT weight relative to body weight (n ϭ 10). B, iBAT thermogenic mRNA expression. C, iBAT lipid metabolism mRNA expression (n ϭ 5 per group for panels B and C). D, Representative N iBAT H&E stain. E, Representative df/df iBAT H&E stain. *, P Ͻ .05; **, P Ͻ .01; #, P Ͻ .0001. df/df, homozygous; N, normal. knockout) and their respective normal siblings. Therefore, Actin was used as a housekeeping gene. Calculations using B2M as a housekeeping gene showed no variance with actin in statistical calculations, verifying our results. Relative expression was calculated as previously described (20) .
Statistical analysis
A Student's t test was used when comparing two groups. Analyses comparing more than two groups were performed by a two-way ANOVA test for significance of the effects of genotypes (df/df vs normal) and surgical treatment (iBAT removal vs sham). Values are reported throughout the figures as mean Ϯ SEM. All statistical analyses and graphs were done using Prism 6 for Mac (GraphPad Inc).
Results
Gene expression and morphology of BAT are altered in Ames dwarf mice
It has been previously reported that the relative iBAT weight, along with UCP-1 expression in iBAT, is inversely related to GH signaling (21) . Therefore, we hypothesized that relative iBAT weight, and gene expression related to thermogenesis and lipid metabolism, may be altered in Ames dwarf mice. We found that dwarfs have an increase in their relative iBAT weight compared with their normal littermates (P ϭ .03) ( Figure 1A) . We also observed an increase in the expression of several thermogenic genes in dwarf mice. ADR␤3 (P ϭ .04), DIO2 (P ϭ .02), peroxisomal proliferator-activated receptor-␥ coactivator 1␣ (P ϭ .006), peroxisomal proliferator-activated receptor-␥ (P ϭ .03), and UCP-1 (P ϭ .02) ( Figure 1B) were all increased in dwarf mice iBAT compared with their normal littermates. Moreover, we observed an increase in the expression of genes involved in lipid metabolism. ACC1 (P ϭ .007), FAS (P Ͻ .0001), HSL (P ϭ .003), and LPL (P ϭ .03) ( Figure 1C ) were increased in dwarf mice iBAT compared with their normal littermates. Interestingly, the only change in gene expression observed in iBAT of GHRH-KO mice was an increase in UCP-1 expression (P ϭ .02) (Supplemental Figure 1A) . We also observed histological differences in the iBAT depot between the normal and Ames dwarf mice. The normal mice ( Figure 1D ) exhibited a typical histology of BAT with small, round lipid vacuoles that appear as unstained spaces in the H&E-stained preparations. By visual inspection, iBAT from dwarf mice ( Figure 1E ) have a reduction in the size of lipid droplets and increased nuclei per field, indicating a reduction in cell size.
iBAT removal increases the size of WAT depots in normal mice, whereas it decreases the size of WAT depots in dwarf mice After observing genetic and morphological alterations in Ames dwarf iBAT, we used an iBAT removal surgery to identify metabolic characteristics of Ames dwarf mice that are impacted by BAT. We observed no change in body weight (Figure 2A ) after iBAT removal. We did, however, observe significant differences between surgical treatments as seen by an increase in the weight of epididymal (P ϭ .002) (Figure 2B ), perirenal (P ϭ .03) ( Figure 2C ), and sc (P ϭ .0009) ( Figure 2D ) fat in normal mice and a decrease in epididymal (P ϭ .0004), perirenal (P ϭ .01), press.endocrine.org/journal/endoand sc (P ϭ .006) fat in dwarf mice after iBAT removal. Consistent with the observed opposite changes in WAT weight, there appeared to be differences in adipocyte size and the number of nuclei per field upon visual analysis. We observed an increase in adipocyte size in epididymal (Figure 3, A and Despite alterations in WAT depot weights and adipocyte sizes, we observed no significant differences between surgical treatments, or genotypes, in percentage of lean body mass as measured by whole-body DEXA scanning ( Figure 2E ).
BAT is not a key regulator of Ames dwarf glucose metabolism or insulin sensitivity
Because glucose homeostasis and insulin sensitivity are believed to be integral to the extended longevity of Ames dwarf mice (10) and BAT has been shown to play a role in glucose metabolism (22) , we aimed to elucidate whether BAT has a role in the improved glucose tolerance and insulin sensitivity of Ames dwarf mice. As previously reported (10), there are significant differences between genotypes in glucose tolerance (P ϭ .01) (Figure 4 , A and B) and insulin sensitivity (P ϭ .04) (Figure 4, C and 4D ). However, we observed no significant differences between surgical treatments in glucose tolerance or insulin sensitivity.
BAT is critical to Ames dwarf energy metabolism and thermogenesis, whereas it has a minimal role in their normal littermates
BAT is a major tissue involved in energy metabolism and regulation of body temperature (8) . Because Ames dwarf mice have improved energy metabolism (15) and decreased body temperature (14), we looked to elucidate the influence of BAT on these altered phenotypes. After iBAT removal, we saw no significant differences between surgical treatments in locomotor activity in either normal or dwarf mice (Supplemental Figure 2) . Both normal and dwarf mice demonstrated a normal diurnal rhythm of energy metabolism, consistent with previously published data (15) . We did observe a significant treatment effects on RQ, as seen by an increase in normal mice during the light phase (P ϭ .002) ( Figure 5A ) and a decrease in dwarf mice during the light (P ϭ .02) and dark phases (P ϭ .0004) ( Figure 5B ). Normal mice showed no significant difference between surgical treatments in VO 2 ( Figure 5C ), whereas dwarf mice showed a significant decrease during the light (P ϭ .002) and dark phases (P ϭ .009) ( Figure 5D ). Moreover, normal mice demonstrated no significant difference between surgical treatments in heat production ( Figure  5E ), whereas dwarf mice demonstrated a significant decrease during the light (P ϭ .001) and dark phases (P ϭ .006) ( Figure 5F ). As previously described (14) , there was a significant effect of genotype on body temperature; dwarf mice had a lower body temperature than their normal littermates (P ϭ .01) ( Figure 6A ). Moreover, we observed a slight but statistically significant differences between surgical treatments in normal mice as seen by a slight decrease in body temperature (P ϭ .01) and a more significant reduction in body temperature for dwarf mice (P ϭ .0006) after iBAT removal.
iBAT removal does not impair sympathetic outflow in Ames dwarf mice
NE is a catecholamine that initiates thermogenesis (8) . Responsiveness to a NE challenge has been used to measure sympathetic outflow (19, 23) . Using a NE challenge, we observed a significant difference between genotypes in sympathetic outflow as seen by the increased VO 2 (P ϭ .01) (Figure 7 , A and B) and heat production (P ϭ .02) (Figure 7 , C and D) in Ames dwarf mice. We did not, however, observe any significant differences between surgical treatments in sympathetic outflow after the iBAT removal.
Discussion
Alternative therapeutics, such as BAT activation, are currently under investigation to combat the alarming increase in global obesity (2) . Ames dwarf mice are long lived (11) with improved energy metabolism (15) , lower body temperature (14) , and functionally unique eWAT (16, 17) . Because of this, we hypothesized that BAT in Ames dwarf mice may be functionally enhanced. As previously reported in mutant mice deficient in GH signaling (21), we observed that Ames dwarf mice have an increase in their relative iBAT weight. Along with an increase in relative weight, we observed differences in morphology of the iBAT depot between dwarf and normal mice. Normal mice have brown adipocytes that are multilocular and occupied by numerous circular lipid droplets. Cold exposure alters the morphology of BAT by decreasing the size and number of lipid droplets (7). We observed a histological decrease in lipid content in iBAT in dwarf mice that is consistent with cold exposure. We believe this is to be expected, given their dramatically decreased body temperature, which is partially due to their lack of TH and a consequent increased demand for thermogenesis.
Beyond alterations in the relative amount and morphology of BAT in Ames dwarf mice, we observed alterations in both thermogenic and lipid metabolism gene expression. It is well established that UCP-1 is the main protein involved in BAT thermogenesis (8) . We observed a significant increase in UCP-1 gene expression along with its two transcriptional coactivators peroxisomal proliferator-activated receptor-␥ and peroxisomal proliferator-activated receptor-␥ coactivator 1␣ in dwarf mice, compared with their normal littermates (8) . Interestingly in GHRH-KO mice, we observed an increase in UCP-1 expression in BAT, whereas no other thermogenic genes were effected. This suggests that alterations in BAT in Ames dwarf mice may in large part be due to TH deficiency because GHRH-KO have normal thyroid function, and Ames dwarf mice are severely hypothyroid. Moreover, because both Ames and GHRH-KO are both dwarf, the differences in gene expression observed cannot be solely explained by the increased surface to body ratio that promotes in- press.endocrine.org/journal/endocreased thermogenesis to support body temperature. Furthermore, we observed an increase in both ADR␤3 and DIO2 gene expression in Ames dwarf mice compared with their normal littermates, which are both involved in the thermogenic processes. As mentioned above, ADR␤3 is the main adrenergic receptor in rodent BAT (8) . DIO2 is responsible for converting T 4 to its active form of T 3 at target tissues such as BAT (24) . The conversion of T 4 to T 3 is important because T 3 potentiates the effects of catecholamines such as NE (8) .
The major metabolites used in BAT thermogenesis are FFAs (8) . FFAs used in BAT thermogenesis are derived from hormone-sensitive lipase (HSL)-mediated lipolysis of locally stored triglycerides (25) or by lipoprotein lipase (LPL)-mediated uptake of circulating triglycerides (26) . Here we observed an increase in the gene expression of both HSL and LPL in dwarf mice compared with their normal littermates. We also observed an increase in ACC1 and FAS gene expression. ACC1 converts acetyl CoA to malonyl CoA, which acts as a substrate for fatty acid elongation by fatty acid synthase (FAS) (19) . This de novo lipogenesis appears to be necessary for maximal thermogenesis in BAT (7, 8) . The alterations in relative BAT weight, morphology, and gene expression related to thermogenesis demonstrate a clear distinction between normal and Ames dwarf mice BAT. Further studies would need to be conducted to elucidate whether these changes are primarily a result of alterations in major hormonal axes (GH and TH) or reflect alterations in body temperature.
To further understand how BAT influences the metabolic traits of Ames dwarf mice, we examined the effects of iBAT removal. After surgical iBAT removal, we monitored the body weights of normal and dwarf mice and observed no differences between removal and sham mice. We did, however, see an inverse response in normal and dwarf mice in terms of relative WAT depot weights. Normal mice gained weight in their major WAT depots after iBAT removal, whereas dwarf mice lost weight. Moreover, we observed changes in white adipocyte size that would indicate an increased accumulation of lipids in the WAT of normal mice and lipolysis in the WAT of dwarf mice. Furthermore, we observed an increase in RQ in normal mice and a decrease in RQ in dwarf mice, which would indicate that normal mice are burning fewer lipids after iBAT removal, whereas dwarf mice are burning more lipids. We believe the accumulation of lipids in normal mice is to be expected because BAT is a major lipolytic tissue, and lower BAT activity is associated with obesity (8, (27) (28) (29) (30) (31) . The increased use of lipids from WAT in dwarf mice after iBAT removal was unexpected; however, we believe it is related to their increased energy demand for thermogenesis, which may be further accentuated by their lower body temperature. Presumably, after iBAT removal, their already reduced body temperature dropped below a critical point, resulting in lipolysis of the WAT depots in an effort to maintain their body temperature at a viable level. This hypothesis is supported by previous work in our laboratory that showed the increased VO 2 and decreased RQ in long-lived mice lacking GH signaling is reverted to the values measured in Figure 5 . BAT is critical to Ames dwarf energy metabolism, whereas it has a minimal role in their normal littermates. A, Normal RQ after iBAT removal. B, Dwarf RQ after iBAT removal. C, Normal VO 2 after iBAT removal. D, Dwarf VO 2 after iBAT removal. E, Normal heat production after iBAT removal. F, Dwarf heat production after iBAT removal (n ϭ 7 throughout this figure). Values not marked with the same superscript letters (a-d) are significantly different (P Ͻ .05).
their normal littermates in thermoneutral (30°C) conditions (32) . The effects of thermoneutral housing conditions on other metabolic parameters in these mice has yet to be examined.
In the present study, we did observe alterations in WAT depot weights, whereas whole-body DEXA scanning revealed no alterations in percent lean body mass. We believe that the alterations in WAT are beyond the detection of DEXA scanning and that an analysis of specific adipose depots is more representative of the changes observed after iBAT removal.
It is believed that improved insulin sensitivity and energy metabolism are key mechanisms of the extended longevity of Ames dwarf mice (10) . Because BAT plays a major role in energy metabolism (8) and has been shown to play a role in glucose homeostasis (22) , we hypothesized that BAT may be important in the improved energy metabolism and insulin sensitivity in Ames dwarf mice. However, we found that iBAT removal had no significant effect on glucose homeostasis or insulin sensitivity in normal or dwarf mice. This is interesting because iBAT removal altered the amount of eWAT in both dwarf and normal mice, which has been shown to play a role in their glucose homeostasis (16) . Stanford et al (22) used C57/BL6 mice to show that BAT transplanted into the visceral cavity can influence glucose homeostasis 8 weeks after transplantation. It is possible that the removal of iBAT for longer periods than that of our study may lead to statistically significant alterations in glucose homeostasis. It is also important to note that the study by Stanford et al does not mention the effects of BAT transplantation on the resident visceral adipose tissue, which may also be a mechanism of improved glucose homeostasis that would be absent in our study. Our study showed a decrease in Ames dwarf eWAT and a numerical trend toward insulin resistance. This may vary from the study by Menon et al (16) , which showed complete removal of eWAT in Ames dwarf mice causes insulin resistance because our mice still had intact (albeit decreased) eWAT. After the iBAT removal, we did observe a significant decrease in both VO 2 and heat production in dwarf mice, whereas we did not observe any alterations in these parameters in normal mice. This was similar to our findings regarding body temperature in which the dwarf mice suffered a dramatic reduction in body temperature, whereas the normal mice showed only a slight, although significant decrease in body temperature. This illustrates that BAT is more critical for energy metabolism and thermoregulation in dwarf mice than in their normal littermates. In rodents, BAT thermogenesis begins with NE binding to ADR␤3 (8) . Because of this, a NE challenge can be used to measure sympathetic press.endocrine.org/journal/endooutflow (19, 23) . As measured by both VO 2 and heat production after a NE challenge, Ames dwarf mice have a more robust sympathetic outflow compared with their normal littermates. Interestingly, iBAT removal did not significantly alter sympathetic outflow, although a numerical decrease was observed in the dwarf mice. New therapies are needed to fight the unprecedented increase in obesity. BAT is currently being examined as a means to reverse or prevent obesity; however, ways of enhancing the function of BAT are not well understood. Our current study resulted in three novel findings. First, we show that Ames dwarf mice have BAT that is functionally enhanced from that of their normal littermates. By increasing the amount of BAT and expression of genes related to thermogenesis, Ames dwarf mice are able to improve their energy metabolism, which we believe to be a key regulator of their extended longevity because improved energy metabolism in Ames dwarf mice is associated with lower reactive oxygen species production and maintenance of mitochondrial DNA (33-36) and favorable alterations in the activity of electron transport chain complexes (37, 38) , which are all associated with increased longevity (39) . Moreover, phosphatase and tensin homolog transgenic mice have hyperactive BAT and are long lived (40) , and mice with increased uncoupling in skeletal muscle due to increased UCP-1 have a delay in aging and age-related diseases (41) . Furthermore, increased uncoupling appears to affect longevity in humans as well (42, 43) . Second, removal of Ames dwarf iBAT results in their use of WAT as a source of metabolic fuel. We believe this unexpected finding to be the result of a critical drop in body temperature, which supports various recent studies, suggesting that living in cooler conditions may decrease body fat. Lastly, we report for the first time that Ames dwarf mice have an increased sympathetic outflow compared with their normal littermates. We believe these findings are central to understanding the improved energy metabolism of Ames dwarf mice. Our study also illustrates that chronic, mild cold stress and lower body temperature increase sympathetic outflow and BAT thermogenesis, which may provide unique means to activate BAT and subsequently reducing adiposity.
